A combined measurement and Monte-Carlo simulation study was carried out in order to characterize the particle self-shielding effect of B 4 C grains in neutron shielding concrete. Several batches of a specialized neutron shielding concrete, with varying B 4 C grain sizes, were exposed to a 2Å neutron beam at the R2D2 test beamline at the Institute for Energy Technology located in Kjeller, Norway.
Introduction
The use of concrete as a neutron shielding material is common practice at neutron research facilities, nuclear reactors, and hadron therapy treatment facilities. The choice of using concrete is a trade-off between the shielding characteristics, cost, and other engineering design requirements, such as stability and physical space for example. A common approach to enhance the shielding characteristics of concrete for slow neutrons is to add boron containing compounds to the mixture [1] . One example is the outer concrete layers of the target monolith at the Swiss Spallation Neutron Source [2, 3] . For energies up to 1 MeV, it has been suggested in addition to add polyethylene to improve the neutron slowing down properties of the concrete [4] . Such a concrete can be especially effective at spallation neutron sources, such as the European Spallation Source (ESS) [5] currently under construction in Lund, Sweden, where a significant number of high-energy neutrons, keV and above, will escape the target into the bulk shielding of the facility [6, 7] . For this reason, we have developed a new specialized neutron shielding concrete based on the addition of B 4 C grains and polyethylene beads and studied the performance of the concrete in the MeV energy range. This work was introduced in a previous publication [8] . In the current work, we report on the slow neutron transport properties of the specialized concrete. The results have relevance for any type of shielding material containing a low amount of small neutron absorbing grains.
The effectiveness of a concrete containing a small amount of B 4 C grains depends not only on the weight fraction of B 4 C added to the mixture but also on the size of the grains. This effect is referred to as the particle self-shielding effect, which can lead to a reduced performance of the additive in the concrete.
If the diameter of a grain is large enough, the interior region of the grain will be shielded from neutrons by the outer layers of the grain. Thus a fraction of the boron which was added to the concrete is rendered in-effective. Early studies of the reduced performance of absorbing grains due to this effect were carried out for neutron transmission in Boral [9, 10] and in samples containing Al and B 4 C spherical particles [11] . Later, an analytical model [12] was used to show the limitations of assuming a homogeneous sample for the transmission of neutrons passing through a mixture of sulfur and tungsten grains [13] . More recently, HDPE loaded with small B 4 C grains was investigated in a combined simulation and experimental study and it was noted that smaller grain sizes led to improved neutron shielding properties [14] .
The design of neutron shielding components is frequently carried out using Monte-Carlo simulations. Typically, the material of a shield is assumed to be composed of a homogeneous random distribution of the elements within the shield and the particle-self shielding effect is not included. If this effect is completely neglected, the shielding calculations would lead to incorrect predictions of the required thicknesses of the materials needed for the design scenario.
A possible way to include this effect is to adapt an effective density for the absorbing additive. However, as the particle-self shielding effect is energy dependent, such a method would have limited applicability especially over a broad energy spectrum. Alternatively, a study presented by T. Yamamoto [15] proposed an effective cross-section calculation method for this application where effective cross-sections of the components in the material were calculated during a Monte-Carlo simulation. The effective cross-sections took into account the particle self-shielding effect of the absorber grains. This method has the added benefit that the user does not need to model each individual grain in the material, which would lead to an increased computational burden. While a Monte-Carlo benchmark of the method was shown in the previous study [15] , no experimental investigation of the method was presented.
In the following, we first describe an experimental investigation of the particle self-shielding effect in our developed concrete using slow neutrons. We then give a description of the concrete, followed by a discussion of the theoretical model and simulation methodology used to analyze the experimental data.
Lastly, we present a comparison of the simulations and measured results.
Experimental procedure
The measurements were carried out at the R2D2 test beamline at the JEEP II reactor at the Institute for Energy Technology located in Kjeller, Norway A detailed description of the concrete studied in this work is given previously in [8] , however a brief overview is given here. The concrete was created by adding 10 wt% of polyethylene in the form of a 50-50 mix of 2.5 mm and 5.0 mm diameter beads and a total of 0.76 wt% of B 4 C grains to a standard concrete mixture. This is equivalent to 20 vol% polyethylene and 0.6 vol% B 4 C, where the polyethylene replaced the same volume of granite in the concrete and the B 4 C replaced the same volume of SiO 2 . Due to these modifications, the specialized concrete had a lower density and lower compression strength than a standard concrete [8] . The exact contents of the mixture are given in [8] and the calculated elemental content from this mixture is given in Table 1 . Background subtraction and normalization of the results were calculated using the total counting times of the individual measurements and the counts provided by the beam monitor. The statistical uncertainty in the measurements was calculated using standard error calculation procedures.
Simulation Methodology

Model Description
The general theory behind the effective cross-section method is described in general in [20, 21, 22] and [15] when applied to shielding calculations. An overview of the relevant aspects of the theory is presented here for completeness, however an interested reader should see the indicated references for more specific details.
If a slab of material contains a uniform random distribution of grains of a given diameter, D, it can be shown that the effective homogenized macroscopic total cross-section of the slab is given by
where Σ = Σ a − Σ m , Σ a is the macroscopic total cross-section of the absorber material, Σ m is the macroscopic total cross-section of the matrix material in which the grains are dispersed in, q = 1.5α with α being the volume fraction of the grains. The model assumes that the total thickness of the material is divided into sub-layers of thickness L. In this work, L is taken to be equal to D, see the above mentioned references for more detail. The function J(x, y) is given by,
The effective microscopic cross-section of an isotope, σ i,x e , in the material can be calculated from σ i,x e = F a,m,e · σ i,x where F a,m,e is the correction factor, i and x indicate an isotope and reaction type, and σ i,x is the tabulated microscopic cross-section of the isotope. The correction factors depend on whether the isotope exists in the absorber material, matrix material, or both. The correction factor for an isotope in the absober material is
and for an isotope in the matrix material,
and if the isotope exists in both the absorber grain and the matrix material, the correction factor is
where N i m,a represents the atom density of the isotope in either the matrix material or the absorber grain. The parameters P a and P T are the collision probabilities in the absorber grain and matrix material, and are given by,
and
Geant4 simulations
Based on the theoretical description in the previous section, we have im- A model of the experimental setup was created in the standard way in Geant4 and included the description provided in Fig. 1 . In order to compare directly with the measured results, the detector efficiency [25] was also included in the analysis. This was calculated using tools provided by the ESS detector group framework [26].
Results and Discussion
The results of the measurements are compared with the Geant4 simulations in Fig. 2 , where the quantity R/R 0 is plotted as a function of concrete total thickness. The quantity R is the measured or simulated response of the proportional counter when the indicated concrete thickness was placed in the neutron beam while R 0 is the response when no blocks were placed in the beam. The In all cases shown in Fig. 2 , the experimental results lie above the simulation results when not using the effective cross-section method. This shows that assuming a completely homogeneous distribution of B 4 C without invoking the effective cross-section method would lead to an over-estimation of the neutron absorption in the concrete. When the method was used, it can be seen that there is much improved agreement between the simulations and measurements.
The small differences between the simulations and measurements may be due to the fact that the concretes were created in small batches, as mentioned in section 2. Due to this, there could have been regions in the concrete which were not completely homogeneous and/or could contained air pockets.
These results imply that calculations not using the effective cross-section approach would result in estimates of thinner shielding than actually required for a specific design scenario. As the grain sizes get smaller, both the simulation and measured results approach the simulation results without the effective cross-section method. This indicates that using as small as possible grain sizes would yield the best possible performance of the concrete. However, the choice of grain size also depends on the price of the B 4 C grains, which increases as the grain size decreases, and also on the stability of the concrete, which can decrease as the grain size gets smaller.
Conclusions
In summary, we have carried out a combined measurement and simulation study on the neutron transport properties of a specialized neutron shielding concrete containing small B 4 C grains. Five batches of the concrete were produced
with varying grain sizes and tested using a 2Å neutron beam at the R2D2 beamline at the Institute for Energy Technology in Kjeller, Norway. It was found that the concretes exhibited a reduced performance due to the particle self-shielding effect of the B 4 C grains which could be well reproduced using an effective cross-section method implemented in Geant4 simulations. This study validates the use of this method for simulating shielding materials based on small absorber grains.
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